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Local environments and lithium ion dynamics in the binary lithium silicides Li15Si4, Li13Si4, and
Li7Si3 have been characterized by detailed variable temperature static and magic-angle spinning
(MAS) NMR spectroscopic experiments. In the 6Li MAS-NMR spectra, individual lithium sites
are generally well-resolved at temperatures below 200 K, whereas at higher temperatures partial
or complete site averaging is observed on the ms timescale. The NMR spectra also serve to
monitor the phase transitions occurring in Li7Si3 and Li13Si4 at 235 K and 146 K, respectively.
The observed lithium isotropic shift ranges of up to approximately 50 ppm indicate a signiﬁcant
amount of electronic charge stored on the lithium species, consistent with the expectation of the
extended Zintl–Klemm–Busmann concept for the electronic structure of these materials. The 29Si
MAS-NMR spectra obtained on isotopically enriched samples, aided by double-quantum
spectroscopy, are well suited for diﬀerentiating between the individual types of silicon sites within
the silicon frameworks, and in Li13Si4 their identiﬁcation aids in the assignment of individual
lithium sites via 29Si{7Li} cross-polarization/heteronuclear correlation NMR. Variable
temperature static 7Li NMR spectra reveal motional narrowing eﬀects, illustrating high lithium
ionic mobilities in all of these compounds. Diﬀerences in the mobilities of individual lithium sites
can be resolved by temperature dependent 6Li MAS-NMR as well as 6Li{7Li} rotational echo
double resonance (REDOR) spectroscopy. For the compound Li15Si4 the lithium mobility
appears to be strongly geometrically restricted, which may result in a signiﬁcant impediment for
the use of Li–Si anodes for high-performance batteries. A comparison of all the 6Li and 7Li
NMR spectroscopic data obtained for the three diﬀerent lithium silicides and of Li12Si7 previously
studied suggests that lithium ions in the vicinity of silicon clusters or dimers have generally higher
mobilities than those interacting with monomeric silicon atoms.
1. Introduction
Due to the possible application of nano-silicon as a high
capacity anode material in lithium ion batteries, lithium
silicides and the lithiation of silicon have attracted a lot of
interest recently. The crystalline lithium silicides available
through thermal synthesis routes are Li12Si7, Li7Si3, Li13Si4
and Li21Si5.
1–8 While electrochemical lithiation of silicon so far
has only resulted in amorphous LixSi material,
9 solid state
NMR studies have shown that these materials nevertheless
have local lithium environments comparable to those present
in crystalline silicides, their quantitative distribution depending
on the extent of the electrochemical charge transfer executed.10–12
Those results illustrate the prominent role of the metastable
phase Li15Si4 in particular, consistent with earlier results
obtained by Obrovac and Christensen13 and Hatchard and
Dahn.14 A major step in the understanding of silicon based
anodes was achieved through the in situ NMR study of the
lithiation of silicon.11 The 7Li resonances of the known crystalline
lithium silicides have distinguishable NMR shifts and can thus be
utilized to determine the composition of the anode material by
post-mortem as well as in situ characterization. While those
previous works have – in combination with the charging and
discharging proﬁles – provided a detailed understanding of the
electrochemical lithiation process, both the static and magic-angle
spinning NMR spectra measured at room temperature are
strongly inﬂuenced by the lithium ion dynamics, resulting in
partial or complete motional averaging of the NMR signals of
crystallographically distinguishable lithium sites. In addition,
apart from most recent work on Li12Si7,
15–18 no discussion of
the 29Si and 6/7Li NMR spectra of the remaining crystalline
phases Li13Si4, Li7Si3 and Li15Si4 in relation to their crystallographic
details has as of yet appeared in the literature. Following the
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description given in ref. 1, the structures of the silicides can be
viewed in terms of an extended Zintl–Klemm–Busmann concept,
where the excess electrons occupy cage orbitals formed by Li-2s
states, surrounding the silicon structural elements in the frame-
work. These silicon frameworks show a decrease in connectivity
with increasing Li-content. With increasing extent of lithiation,
the bonds in the tetrahedral diamond structure of elemental
silicon are successively broken, resulting in the formation of
ﬁve-membered rings and four-membered star units in the
lowest-lithium content binary phase Li12Si7 to Si2 dumbells
in Li7Si3 and Li13Si4 to isolated Si in Li13Si4 and Li15Si4 as well
as Li21Si5 (see Fig. 1). In order to gain deeper insights into
structure, dynamics, and phase transitions of lithium silicides,
we report here the results of a comprehensive variable-
temperature 6/7Li single and double resonance MAS-NMR
study, as well as a detailed characterization of the structural
elements present in the silicide frameworks employing 29Si single
pulse NMR, aided by 29Si double-quantum spectroscopy and
other two-dimensional methods. The MAS-NMR spectra also
contain important information regarding the dynamics of the
lithium ions, which is complemented within the present study by
temperature dependent analyses of the static 7Li NMR spectra.
2. Materials and methods
2.1. Sample preparation and characterization
Starting materials for the preparation of Li7Si3 and Li13Si4
were lithium rods (Merck,499%) and silicon lumps (Wacker,
499.9%). Synthesis of the 29Si enriched samples was carried
out using silicon powder (99.34% 29Si, STB Isotope Germany;
99% pure). The lithium rods were cut into smaller pieces under
dry paraﬃn oil and subsequently washed with n-hexane. The
lithium pieces were kept in Schlenk tubes under argon prior to
reaction. Argon was puriﬁed with titanium sponge (900 K),
silica gel, and molecular sieves. The lithium pieces were mixed
with the silicon; respectively, in the respective stoichiometric
ratio under ﬂowing argon and then arc-welded19 in a tantalum
tube under an argon pressure of about 700 mbar. The tantalum
tubes were then placed in a water-cooled sample chamber of an
induction furnace.20 The samples were rapidly heated to 1100 K
and held at that temperature for 10 minutes. Subsequently, they
were rapidly cooled to about 900 K and annealed at that
temperature for 2 h before they were quenched by switching
oﬀ the power supply. The brittle products could be easily
removed from the tantalum tube, no reaction with the container
material was observed. Since the metastable compound Li15Si4
is not accessible via thermal synthesis routes it was synthesized
via ball-milling. Stoichiometric amounts of lithium metal and
silicon powder (Aldrich, 99%) were mixed in an argon-ﬁlled
glovebox and subsequently placed in a ball-mill jar. Anhydrous
dodecane (Aldrich) was added as a lubricant to avoid the
lithium sticking to the balls. The jar was hermetically sealed
and the mixture ball-milled (Fritsch, Pulverisette 7) outside of
the glovebox for 15 h. All samples were subjected to diﬀerential
scanning calorimetry. As revealed by Fig. 2, Li13Si4 shows a ﬁrst-
order phase transition at 146 K. The more complex diﬀerential
scanning thermogram of Li7Si3 suggests the presence of two
Fig. 1 Structural elements in the group 14-frameworks of Li13Si4, Li7Si3 and Li12Si7 and the room temperature
7Li isotropic shifts as reported in
the literature.11
Fig. 2 Diﬀerential scanning calorimetry traces of Li13Si4 and Li7Si3,
indicating the occurrence of phase transitions.
D
ow
nl
oa
de
d 
by
 U
N
IV
ER
SI
D
A
D
 S
A
O
 P
A
U
LO
 o
n 
11
 Ja
nu
ar
y 
20
13
Pu
bl
ish
ed
 o
n 
08
 M
ar
ch
 2
01
2 
on
 h
ttp
://
pu
bs
.rs
c.
or
g 
| do
i:1
0.1
039
/C2
CP
241
31E
View Article Online
6498 Phys. Chem. Chem. Phys., 2012, 14, 6496–6508 This journal is c the Owner Societies 2012
phase transitions within a rather narrow temperature interval
between 220 and 235 K. The detailed structural aspects of these
phase transitions are beyond the scope of this work and will be
addressed by X-ray crystallography in future studies.
2.2. Solid State NMR
6/7Li and 29Si MAS NMR studies were carried out on a Bruker
Avance DSX spectrometer working at 9.4 T using a commercial
4 mm Bruker variable temperature magic-angle-spinning
(VT-MAS) triple resonance probe. Samples were powdered
and diluted with dried boron nitride in a 1 : 1 mass ratio to
minimize undesirable probe detuning and sample heating
eﬀects caused by spinning the metallic samples in the high-
ﬁeld magnet. Dry nitrogen gas was used for MAS experiments
with typical spinning speeds of 10 kHz for room temperature
and 5 kHz for variable temperature (VT) MAS-NMR.
A temperature calibration using the 207Pb NMR signal of lead
nitrate was done to remove deviations between set and actual
temperatures within an uncertainty of 1 K.21,22 Static 7Li
NMR spectra were measured on a Bruker DSX spectrometer
working at 4.7 T with a commercial 5 mm Bruker VT probe.
901x–t–90y1 solid echoes were used, with typical 901 pulse
lengths of 4 ms and t= 30 ms. Typical relaxation delays for 7Li
were 10–40 s, for 6Li 120–300 s, and for 29Si 1–10 s. Resonance
shifts are externally referenced with respect to 1 M LiCl
solution and tetramethyl silane. Spinlocking, crosspolarization
and 2-D heteronuclear correlation experiments were conducted
at a B1 amplitude corresponding to a nutation frequency of
41.6 kHz using RAMP-CP, a recycle delay of 5 s, a contact
time of 1.5 ms and systematically varied spin-locking times
from 1 to 10 ms. In the CP experiments, the power applied
to the 7Li source nuclei was subjected to a linear ramp from
100 to 50%. For the 2-D heteronuclear correlation spectro-
scopy 480 scans were accumulated in 30 experiments with an
increment of 15 ms using the TPPI method for quadrature
detection. 6Li{7Li} and 29Si{7Li} rotational echo double
resonance (REDOR) experiments were done using the sequence
by Gullion and Schaefer,23 with 1801 pulse lengths of 20.75 ms
for 6Li, 12 ms for 29Si and 12.4 ms for 7Li at a spinning speed of
8 kHz at room temperature and 6.5 kHz at 200 K. 29Si double-
quantum (DQ)-ﬁltered 1-D spectra were acquired using a
‘‘back-to-back’’ (BABA)-xy16 sequence24 at a spinning speed
of 10 kHz with a z-ﬁlter period of two rotor periods. The
901 pulses had a length of 6 ms and a relaxation delay of 2 s was
used. 1-D refocused INADEQUATE spectra25 were recorded
Fig. 3 200 K (a1) and room temperature (b1) 6Li MAS-NMR spectra
of Li15Si4 with their respective simulations (a2 and b2).
Fig. 4 Static 7Li NMR spectroscopy of Li15Si4. (a) Spectral lineshapes and (b) full width at half height as a function of temperature.
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at a spinning speed of 10 kHz, using 901 and 1801 pulses of
6 and 12 ms length and a relaxation delay of 1 s. A double-
quantum buildup and re-conversion time 2t = 6.94 ms was
used within the 901–t–1801–t–901 blocks, and the delay time
between these blocks was set to 20 ms. 2-D J-resolved spectra
were obtained under the same conditions regarding relaxation
delay and pulse lengths. 64 datasets were recorded in 1.6 ms
increments of the evolution time. 29Si spin–lattice relaxation
times T1 were measured using a standard inversion recovery
sequence. All the spectra were simulated as either superposi-
tions of Gauss/Lorentz lineshapes, ﬁrst order quadrupolar
lineshapes or lineshapes arising from the simultaneous presence
of ﬁrst-order quadrupolar perturbations and magnetic shielding
anisotropy, using the DMﬁt software.26
Fig. 5 Crystal structure of Li13Si4, indicating the crystallographically distinct Li and Si sites.
Fig. 6 Room temperature 29Si MAS-NMR spectra of the two samples of Li13Si4. (a and b) Natural isotopic abundance at high spinning speed
(a1, 8 kHz), slow spinning speed (a2, 2.5 kHz) and the respective simulation (b1) of the individual components (b2 and b3). (c and d) 29Si-enriched
sample at high spinning speed (c1, 10 kHz), slow spinning speed (c2, 2.5 kHz) and the respective simulation (d1) of the individual components
(d2 and d3), including the impurity phase (d4).
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3. Results and discussion
3.1. Li15Si4
Fig. 3a and b show the 6Li MAS-NMR spectra of Li15Si4 at
200 K and room temperature, respectively. In agreement with
the crystal structure, two resonance lines are observed in a
4 : 1 ratio. At 200 K, the dominant signal, assigned to Li2, is
found at 7.5 ppm, whereas the signal of the minority species,
Li1, resonates at 8 ppm (Fig. 3a). The magnetic shielding
diﬀerence between these two sites can be explained according
to recent density functional theory calculations.27 In fact,
Li15Si4 is the only lithium silicide that displays a signiﬁcant
charge diﬀerence between the crystallographically distinct Li
sites, arising from diﬀerences in the ﬁrst coordination spheres:
Li1 has a tetrahedral Si4 coordination (d(Li–Si) = 2.86 A˚)
whereas Li2 is located slightly below a triangle of isolated Si
atoms (d(Li–Si) = 2.61, 2.71 and 2.81 A˚), possessing the lower
positive charge.
As the sample is heated to room temperature, the two
lithium species appear to undergo signiﬁcant changes in the
electronic environment: at 300 K the minor signal shifts
towards high frequency and is found at +10 ppm, whereas
the major signal shifts towards low frequency and is found at
2.5 ppm (see Fig. 3b). Fig. 4a shows the wideline NMR spectra
as a function of temperature. The onset of motional narrowing,
signifying lithium ion mobility on the ms timescale, is observed
at 211 K, corresponding to an estimated activation energy of
Ea E 0.25 eV according to the empirical relation of Waugh
and Fedin.28 With increasing rigidity of the lattice, broad,
structureless quadrupolar satellites are observed, corres-
ponding to the electric ﬁeld gradients which arise from the
Li1 (Li8Si4 icosahedra) and Li2 (Li10Si4 pseudo Frank–Kasper
polyhedra) coordinations. Signiﬁcantly, however, the static 7Li
NMR full width at half height (FWHH) reaches a plateau
value near 7000 Hz at temperatures up to 420 K (Fig. 4b).
Within the limits of experimental error, the FWHH (in Hz) is
independent of magnetic ﬁeld strength, indicating that the
lineshape is dominated by strong residual 7Li–7Li magnetic
dipole–dipole interactions. These results indicate that the
lithium ion diﬀusion is far from isotropic, but geometrically
substantially restricted. The limited lithium ion diﬀusivity in
this compound may be responsible for the slow diﬀusion of
lithium into the interior of silicon nanoparticles and the drop
in DLi observed by Ding et al.
29 during the course of electro-
chemical lithiation experiments as well as the kinetic hindrance
observed for the formation of Li21Si5, which can be formed via
electrochemical routes only at elevated temperatures.30 No
29Si NMR signal could be detected in Li15Si4, neither by Bloch
decay nor in {7Li}29Si CPMAS experiments. Cross-polarization
was found to suﬀer from poor eﬃciency due to a short 7Li
spin–lattice relaxation time in the rotating frame (on the order
of 1 ms, data not shown). We presume that the 29Si linewidth is
broadened by a wide distribution of Knight shifts, caused by
disorder in the electronic structure. Similarly, Li21Si5 showed no
detectable 29Si signal.
3.2. Li13Si4
The silicon framework of this compound (see Fig. 5) consists
of dimers (Si1, Wyckoﬀ site 4h) and isolated silicon atoms
(Si2, Wyckoﬀ site 4g). As expected from the crystallographic
data, the 29Si MAS-NMR spectrum (Fig. 6a1) reveals two
equally intense resonances at 320 and 301 ppm. Based on slow-
spinning experiments the 29Si magnetic shielding anisotropies
of both sites could be determined (Fig. 6 and Table 1).
Inversion recovery measurements yielded a 29Si T1 of 791 ms.
For further advanced NMR experimentation, an isotopically
enriched sample containing 99.34 mole% 29Si was investigated.
For this sample, we observe (reproducibly with two independent
preparations) that the isotropic shifts of the two 29Si signals are
Table 1 29Si isotropic shifts diso, (2 ppm), magnetic shielding
anisotropies |Ds| (10 ppm) and asymmetry parameters (0.3)
extracted at room temperature from slow spinning experiments
(2.5 kHz) for natural abundance and isotopically enriched samples
of Li13Si4 and Li7Si3 (Fig. 6, a2 and 15, b2). The values given follow
the convention Ds= szz  (sxx + syy)/2, where |szz  siso| Z |sxx 
siso| Z |syy  siso| and Zs = |sxx  syy/(szz  siso)| (x, y, z are the
coordinates in the principal axis system)
Li7Si3 Li13Si4/Si1 Li13Si4/Si2
Sample Enriched Nat Enriched Nat Enriched Nat
diso/ppm 327 342 266 319 225 305
|Ds| 77 82 72 132 192 209
Zs 0.3 0.4 1.0 0.4 0.9 0.5
Fig. 7 (a) Room temperature 29Si MAS-NMR spectrum of the
29Si-enriched Li13Si4 sample. (b) Double-quantum ﬁltered spectrum
via BABA, (c) double-quantum ﬁltered spectrum via refocused
INADEQUATE.
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strongly displaced relative to those observed in the sample at
natural abundance, with signals observed at 220 and 270 ppm.
Signiﬁcant diﬀerences are also observed for the anisotropic
shielding parameters (see Table 1 and Fig. 6). We attribute
these discrepancies between both samples to diﬀerences in the
Knight shift tensor values, which are possibly related to
diﬀerences in the exact Li/Si ratio, considering that there is a
certain homogeneity range around the exact stoichiometric
composition. Most likely these discrepancies originate from
the use of two diﬀerent sources of silicon. To determine which
of the two signals belongs to the dimer and which must be
assigned to the monomer, a number of dipolar experiments were
undertaken. Although the crystal structure predicts that the
strength of the magnetic dipole–dipole coupling to 7Li should
be diﬀerent for the two sites (based on the internuclear 7Li–29Si
distances, dipolar second moments of 85 and 108  106 rad2 s2
are predicted for Si1 and Si2, respectively), this diﬀerence could
not be resolved within experimental error in a {7Li}29Si REDOR
experiment conducted at 200 K (data not shown). We attribute
this observation to the fact that the lithium atoms still possess
signiﬁcant local mobility at this temperature so that only a
reduced 29Si{7Li} dipolar coupling is measured at both silicon
sites (see further discussion below). Deﬁnitive assignments were
obtained with the help of various homonuclear 29Si–29Si dipolar
recoupling experiments obtained on the isotopically enriched
sample. Fig. 7 compares its single-pulse MAS-NMR spectrum
with the spectra of two separate experiments involving diﬀerent
kinds of double-quantum ﬁltration. Both methods are based
on the excitation of double-quantum coherences created by the
strong 29Si–29Si magnetic dipole–dipole coupling present in the
dimeric species. The BABA experiment utilizes the through-
space interactions, whereas the refocused INADEQUATE
spectrum utilizes the 29Si–29Si indirect (scalar) magnetic dipole–
dipole coupling. The exclusive observation of the 270 ppm
signal in both experiments indicates that this signal must be
assigned to the dimeric silicon species. The same conclusion is
reached by the 2-D J-resolved spectrum (Fig. 8), from which a
J-coupling constant of 88  9 Hz is extracted. The error quoted
here does not include possible sources of systematic error,
arising from imprecisions of the magic angle setting. At ﬁrst
sight, the detection of J-coupling in the INADEQUATE and
J-resolved spectra for the two 29Si nuclei of the Si2 dimer might
seem surprising, as from the crystal structure these two nuclei
are expected to be magnetically equivalent. We think that in
the present case, however, heteronuclear dipole interactions
and magnetic shielding diﬀerences arising from structural
disordering eﬀects make the 29Si nuclei within a given dumbbell
magnetically inequivalent. This assignment of the high-frequency
resonance to the Si2 dimer is further supported by the observation
of similar magnetic shielding anisotropy values for the Si2
dumbbells in Li7Si3 (Table 1).
Fig. 9 shows the 6Li MAS-NMR spectra as a function of
temperature. At the lowest accessible temperature (184 K) four
distinct signals are resolved in a 1.5 : 3 : 1 : 1 ratio (Table 2).
Fig. 8 2-D J-resolved 29Si MAS-NMR spectrum of the 29Si-enriched Li13Si4 sample.
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The fractional signal areas are in excellent agreement with the
overall expectation from the crystal structure, which contains
seven crystallographically distinct lithium species in a
1 : 1 : 1 : 1 : 1 : 1 : 0.5 ratio, as reﬂected by the Wyckoﬀ
multiplicities. Peak assignments were explored on the basis
of additional 6Li{7Li} and 29Si{7Li} double resonance experi-
ments. Fig. 10a shows the 6Li{7Li} REDOR data for this
sample, illustrating that the heteronuclear magnetic dipole–
dipole interactions are signiﬁcantly weaker for the lithium
species contributing to the resonance near 12.3 ppm than for
the lithium species contributing to the other three resolvable
signals. The total area of the 12.3 ppm signal suggests that it
comprises three of the fully occupied distinct lithium sites,
which are still highly mobile at 184 K, undergoing rapid
exchange between them on the timescale of B102 seconds.
This high mobility attenuates the 6Li–7Li dipolar couplings,
resulting in rather slow REDOR dephasing. In contrast, the
lithium species contributing to the other 6Li resonances are
frozen out at 184 K. Inspection of the low-temperature 6Li
MAS-NMR spectrum and the REDOR data of the isotopically
enriched sample indicates that this interpretation needs to be
modiﬁed. Instead of the peak at 12.3 ppm, we observe one
signal (with an area corresponding to one fully occupied site)
near 11.5 ppm, and a second signal (with an area corresponding
to two fully occupied sites) near 13.8 ppm, resulting in an
overall intensity ratio of 1.5 : 2 : 1 : 1 : 1 in this case (see Fig. 9,
top). As illustrated by Fig. 10b, the separate Li site at 11.5 ppm
shows regular dephasing in the 7Li dipolar ﬁeld, whereas the
13.8 ppm signal shows no REDOR eﬀect. This result indicates
that the two lithium species contributing to this signal are still
highly mobile on the NMR timescale. For the natural abundance
sample, we conclude that the 12.3 ppm signal in Fig. 9 and 10a
actually comprises two separate resonances in a 2 : 1 ratio,
producing an average REDOR eﬀect of one rigid and two very
mobile Li species. Indeed, systematic signal amplitude measure-
ments as a function of spin-lock time indicate that the lithium
nuclei contributing to the 12.3 ppm signal possess two diﬀerent
spin–lattice relaxation times in the rotating frame (data not
shown). Overall, both the 29Si and the 6Li MAS NMR data
indicate some subtle structural diﬀerences between the isotopically
enriched Li13Si4 sample and the one with the natural isotope
distribution. Again, these diﬀerences are likely to be related to
slight deviations in sample stoichiometries arising from the use of
diﬀerent sources of elemental silicon.
To proceed with an assignment of the 6Li MAS-NMR
spectrum to the seven crystallographic lithium sites, intensity
arguments can be used, together with general chemical shift
trends found in the literature.31 Lithium species with longer
bond distances and higher coordination numbers tend to
resonate at lower frequencies than lithium species with shorter
bond distances and smaller coordination numbers. Lithium
species with similar local environments are assumed to have
similar isotropic shifts. For each Li site a fractional peak area
of 15.4% is expected from the crystal structure, except for Li2,
which should yield an area of 7.7%. Therefore, we conclude
that Li2 contributes to the signal at 22.5 ppm (fractional area of
23%). We presume that the second lithium species contributing
to this signal is Li3 since the environments of Li2 and Li3 are
very similar. Furthermore, the low-frequency resonances at
5.1 and 2.9 ppm are assigned to the Li1 and Li4 sites, which
have larger Li–Si bond distances and coordination numbers.
For proceeding further a closer inspection of the REDOR
data is helpful. Fig. 10 reveals that in both the 29Si enriched
sample and in that with the natural isotope distribution the
6Li–7Li dipole–dipole coupling strengths involving the lithium
species at 11.5 and 22 ppm are somewhat weaker than those
involving the lithium species at lower frequencies. Table 3 lists
the dipolar second moment values M2(
6Li{7Li}) calculated
from the internuclear Li–Li distances in the crystal structure,
indicating that the individual lithium sites indeed have somewhat
diﬀerent 6Li–7Li dipolar coupling strengths. Interpretation of
Fig. 10 in the context of Table 3 then suggests that the peak at
5.1 ppm, which shows the strongest REDOR de-phasing,
should be assigned to Li1, i.e. the lithium site with the strongest
lithium–lithium dipolar coupling. In contrast the peaks at 11.5
and 22 ppm may be attributed to Li2 and Li6, which show a
somewhat weaker Li–Li interaction.
Fig. 9 Variable temperature 6Li MAS NMR spectra of Li13Si4
(natural abundance sample). The deconvolution data at the lowest
temperatures are summarized in Table 2.
Table 2 Isotropic shifts diso ( 0.5 ppm), fractional peak areas (2%)
and assignments of the 6Li MAS NMR signals in the spectrum of
Li13Si4 acquired at 184 K (Fig. 9). Values marked with an asterisk refer
to the isotopically enriched sample measured at 200 K
diso/ppm 5.1 0.6 12.3 22.5
Area/% 16 16 46 23
d/ppm* 4.8 2.9 13.8/11.5 22.2
Area/%* 15 15 33/16 21
Assignment Li1 Li4 Li5/Li6/Li7 Li2/Li3
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Additional guidance for peak assignments comes from the
heteronuclear 29Si{7Li} correlation (HETCOR) spectrum of
the 29Si-enriched sample shown in Fig. 11. First of all, consistent
with the 6Li{7Li} REDOR data discussed above, the 13.7 ppm
peak is missing in the 7Li dimension, as these lithium species are
too mobile to serve as source nuclei for a cross-polarization
process. While 29Si–7Li cross-peaks are observed between all
of the other individual silicon and lithium species, signiﬁcant
diﬀerences in the cross-peak intensities are evident, which can
be interpreted in the context of the Li–Si connectivity map
given in Table 3. In particular, the 6Li resonance at 5.1 ppm
shows a signiﬁcantly more intense cross-peak with the
29Si NMR signal assigned to the dimeric Si1 site than with
the 29Si NMR signal assigned to the monomeric Si2 site.
Table 3 reveals that among the seven crystallographically
distinct lithium sites, the site Li1 interacts mostly with Si1,
and only weakly with Si2. Therefore we assign the 6Li NMR
peak at 5.1 ppm to Li1. This assignment also agrees with the
above conclusion from the REDOR experiments. In contrast,
Fig. 11 shows a more balanced crosspeak intensity distribution
for the peak at 2.9 ppm, which we identify with the Li4 site.
Finally, we assign the resonances at 11.5 and 13.8 ppm to the
Li sites Li5, Li6, and Li7, which have a somewhat intermediate
local environment. These sites are in close proximity to each
other, are sharing the same plane as the Si2 dumbbells, and
two of them are highly mobile. Given the observation of a
cross-peak with the Si2 signal in the HETCOR spectrum at
11.5 ppm, one may tentatively identify the more rigid Li
species with Li6, as it shows the shortest distances to Si2. This
would attribute Li5 and Li7 to the pool of mobile lithium ions.
A more detailed inspection of the temperature dependent
spectra reveals additional interesting diﬀerences in the mobilities
of the individual lithium species. The low-frequency resonances,
attributed to Li1 and Li4, start coalescing into the mobile pool at
signiﬁcantly lower temperatures than the high-frequency resonances
do. From these data we conclude that Li2 and Li3—which
coordinate dominantly to the monomeric Si2 species—are the
lithium species with the lowest ionic mobility in this compound.
In contrast, the lithium species interacting mainly with the Si2
dimers show higher mobility.
Results from variable temperature static 7Li NMR are
shown in Fig. 12. Substantial motional narrowing is evident
above room temperature. The plateau value of 700 Hz reached
at 407 K, the highest temperature investigated, suggests that
Fig. 10 6Li{7Li} REDOR curves measured for the spectroscopically resolved 6Li resonances at 200 K. (a) Natural abundance sample and (b) 29Si
enriched sample.
Table 3 Lithium–silicon distances (in A˚) within the ﬁrst coordination
sphere of silicon (d o 3.3A˚) for Li13Si4 and M2(6Li{7Li})-values
calculated for each of the lithium sites from the crystal structure
considering distances within a range of 10 A˚ in Li13Si4. The respective
Wyckoﬀ multiplicities of the lithium sites are given in brackets
Li Si1 Si2 M2(
6Li–7Li)/rad2 s2
1 (4g) 2.71|2.71 39.53
2.92
2.94|2.94
2 (2c) 2.52|2.52 35.54
3 (4g) 2.62|2.63 37.51
3.23|3.23
4 (4g) 2.83 37.98
2.87|2.87
3.05
5 (4h) 2.69 37.33
2.73|2.73
2.90
6 (4h) 2.64|2.64 34.95
2.70
7 (4h) 2.71 36.50
2.76|2.76
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lithium ionic motion is close to isotropic. Below room temperature,
the interpretation of the static lineshape data in terms of lithium ion
dynamics is complicated by the appearance of multiple lithium sites
with diﬀerent mobilities. The phase transition observed in the DSC
measurements (Fig. 2) is evident in the data, revealing substantial
broadening of the 7Li central resonance line, in addition to
some splitting, which may be related to a diﬀerence in Knight
shifts among crystallographically diﬀerent lithium sites. Above
the phase transition, the static lineshape can be simulated as a
superposition of two components (see Fig. 13): a resonance
Fig. 11 2-D 29Si{7Li} heteronuclear correlated (HETCOR) spectrum of 29Si enriched Li13Si4 at 200 K, a spinning speed of 6.5 kHz and a contact
time of 1.5 ms.
Fig. 12 Static 7Li NMR spectroscopy of Li13Si4 (natural abundance). (a) Spectral lineshapes and (b) full width at half height as a function of
temperature.
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line with a sharp central 1/22 1/2 transition (FWHH =
1.4 kHz) and a well-deﬁned quadrupolar satellite powder
pattern (CQE 46 kHz) and a second contribution comprised of a
broad central resonance (FWHH = 13 kHz) and an ill-deﬁned
quadrupolar satellite transition powder pattern (CQ E 70 kHz).
The ratio of these two lineshape components is about 30 : 70 within
the temperature range 154–211 K. It is tempting to assign the ﬁrst
component to the lithium species Li5 and Li7 within the mobile
pool and the second component to the remaining immobile species.
This would result in a ratio of 2 : 4.5, in excellent agreement with
the experimental results. Above 211 K, motional narrowing is
observed also for the less mobile lithium species. From the linewidth
data shown in Fig. 12b an activation energy of 0.36 eV for the less
mobile fraction of the lithium ions can be estimated.
3.3. Li7Si3
Fig. 14 gives a sketch of the crystal structure of the room
temperature phase of Li7Si3. There is only one crystallogra-
phically distinct Si site, forming Si2 dumbells and there are
three distinct lithium positions. The three lithium sites are
located in diﬀerent coordination polyhedra and experience
rather diﬀerent Li–Si distances. Li1 is located somewhat above
the center of a ﬂattened Si prism, therefore having three Si
neighbors at 2.69 A˚ and three Si neighbors at 2.97 A˚. Li2 is
surrounded by a stretched Si tetrahedron, having three Si
neighbors at 2.79 A˚ and one Si neighbor at 2.61 A˚. Li3 is
placed in a symmetric octahedron, therefore having 6 Si
neighbors at 3.16 A˚. Fig. 15b1 shows the 29Si MAS-NMR
spectrum of isotopically enriched Li7Si3. At room temperature
the high-temperature phase gives rise to a single resonance at
327 ppm. From the spinning sideband patterns observed in
MAS-NMR spectra recorded at low spinning speeds, the
magnetic shielding anisotropy data listed in Table 1 were
extracted, revealing a good agreement of the values for the
isotopically enriched and natural abundance samples
(Fig. 15b1 and c1). The room temperature 29Si T1 has been
determined to be 109 ms, being comparable to values measured
in Li13Si4 (see above) and Li12Si7 (461 ms). The
29Si isotropic shift
is strongly temperature dependent, indicating signiﬁcant changes
of the electron density localized at the silicon dimeric unit. For
the sample with the natural isotopic abundance distribution, diso
was measured at 342 ppm, i.e. shifted by 15 ppm to higher
frequency compared to the value measured for the enriched
sample. Again this result may be consistent with small diﬀerences
in the exact Li/Si ratio between these samples.
Below the phase transition temperature a very complex 29Si
MAS-NMR spectrum is observed with at least 17 resonances
spread over a nearly 200 ppm range (see Table 4 and
Fig. 15a1–a3). Clearly there are multiple silicon dimers with
diﬀerent electronic environments. As the crystal structure of
this polymorph is unknown, no further peak assignments are
possible at the present time. Considering the presence of an
impurity signal at 350 ppm and the number of resolved 29Si
NMR signals, a minimum number of 16 crystallographically
distinct Si species can be proposed. Fig. 16 summarizes the
variable temperature 6LiMAS-NMRdata. At room temperature a
single sharp line near 16.8 ppm is observed, the resonance shift of
which is strongly temperature dependent. Until the phase transition
near 230 K, no splitting or broadening of the lithium signal is
observed, indicating that rapid exchange processes between the
three crystallographically distinct lithium species are still taking
place. Below the phase transition, multiple 6Li resonances appear
(Table 5), indicating a signiﬁcant slowing down of lithium
ionic motion on the timescale of 102 s. Near 200 K, the lowest
accessible temperature, a very complex lineshape is observed,
Fig. 13 Static 7Li NMR spectrum of Li13Si4 at 211 K (a) and its
simulation (b) with two distinct components (c).
Fig. 14 Crystal structure of Li7Si3, indicating the crystallographically distinct Li and Si sites.
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including three lithium resonances with strongly negative
shifts of 16, 20 and 25 ppm. However, the substantial
line broadening present in this spectrum still suggests the
inﬂuence of exchange processes between the diﬀerent lithium
sites, in agreement with the static 7Li NMR spectra, see below.
We note that low-frequency shifts near 20 ppm have been
recently observed in another lithium silicide, Li12Si7, and
conjectured to arise from ‘‘ring current’’ eﬀects related to the
presence of an Si5 ring moiety present in that compound. Based
on that isotropic shift, these authors have claimed that the Si5
unit possesses ‘‘aromaticity’’.16 Certainly, the pronounced
low-frequency shifts observed for some of the 6Li resonances
in Li7Si3, which fall into the same range, must have a diﬀerent
physical origin.
The variable temperature static 7Li NMR spectra of Li7Si3
are summarized in Fig. 17a. The phase transition is clearly
evident in these data, revealing considerable broadening of the
spectra at temperatures below the phase transition temperature.
Fig. 15 29Si MAS-NMR spectra of isotopically enriched (a and b)
and natural abundance samples (c) of Li7Si3. (a1) Spectrum measured
at 180 K (gas temperature at the entrance of the coil), spinning speed
19 kHz; (a2) simulation, (a3) individual lineshape components
comprising the simulation (comp. Table 4). (b1 and c1) Spectrum
measured at room temperature, spinning speed 2.5 kHz; (b2 and c2)
simulation. Spinning sidebands are marked by an asterisk, the
impurity phase and its sidebands are marked by a plus.
Table 4 29Si isotropic shifts diso (1 ppm) and fractional areas (1%)
observed in the low-temperature phase of Li7Si3 (Fig. 15a3)
diso/ppm Integral/%
395 o1
388 o1
385 o1
371 2
365 7
349 3
336 4
322 24
313 4
305 4
298 19
284 7
276 6
271 4
253 10
248 2
195 4
Table 5 6Li isotropic shifts (1.0 ppm) and fractional areas (2 %)
observed in the low-temperature phase of Li7Si3 (Fig. 16)
diso/ppm Integral/%
52.5 4
39.7 18
31.1 18
22.7 31
16.0 7
20.0 18
24.9 4
Fig. 16 Variable temperature 6Li MAS NMR spectra of Li7Si3.
Below the top spectrum (200 K) a tentative deconvolution
(see Table 5) is shown.
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In view of the resonance shift dispersion seen in the 6LiMAS-NMR
spectra, this broadening must arise from the combined eﬀects
of resonance frequency distributions and dipolar broadening.
Complete rigidity on the NMR timescale appears to be reached
only near 135 K, suggesting some of the motional processes occur
at rates comparable to the very fast 1-D diﬀusion observed for
Li12Si7.
15 In the phase stable at room temperature, the static NMR
spectra reveal a plateau value of a residual linewidth of approxi-
mately 1 kHz (see Fig. 17c), suggesting that lithium ionic motion is
close to isotropic. Fig. 17b shows that the lineshape measured at
two diﬀerent magnetic ﬁeld strengths can be simulated assuming a
combined eﬀect of nuclear electric quadrupole coupling (CQ =
2.64 kHz, Z = 0.36) and magnetic shielding anisotropy (Ds =
5.78 ppm, Zs= 0.35); both tensors are assumed to be coincident).
The observation of weak residual anisotropic interactions in this
spectrum illustrates that lithium motion is still not perfectly
isotropic at room temperature (Fig. 17b).
4. Conclusions
In summary, the results of the present study clearly illustrate
the power and potential of standard and advanced variable
temperature magic-angle spinning NMR spectroscopy for
providing detailed structural information about the local
lithium ion environments in crystalline lithium silicides. The
isotropic shift ranges of up to 50 ppm are consistent with a
signiﬁcant amount of electronic charge stored on the lithium
species, consistent with the expectation of the extended
Zintl–Klemm–Busmann concept. The 29Si MAS-NMR spectra,
aided by double-quantum spectroscopy, are well suited to
diﬀerentiate between the individual sites within the silicon
framework. The wide 29Si isotropic shift range observed with
these compounds and the strong temperature dependences
generally observed indicate a great sensitivity of the 29Si Larmor
frequency to the local electronic environments of the Si nuclei.
Variable temperature 6Li MAS and 7Li static NMR spectra
show signiﬁcant lithium ion dynamics on the NMR timescale
well below room temperature. They further show that diﬀerent
lithium sites within the same structure have diﬀerent degrees of
mobility. The latter appear to be correlated with the nature of
the surrounding silicon fragments, with which these lithium
species are interacting. For example, in Li13Si4 the lithium ions
next to the Si2 dumbbells tend to be more mobile than those
interacting with isolated Si species. Likewise, in Li12Si7 the
lithium ions interacting most strongly with the Si5 ring fragment
show signiﬁcantly lower mobility than the others and the
lithium ions interacting with the Si4 star fragment tend to have
higher mobilities.17 Within the progression Li12Si7- Li7Si3-
Li13Si4- Li15Si4, the lithium mobilities at a given temperature
become increasingly restricted. This trend can be understood in
terms of an increasing amount of charge localized on the silicon
atoms with increasing Li/Si ratio, leading to successively
stronger Coulomb interactions. It is expected that this trend
also holds true for amorphous/electrochemical Li–Si systems.
The most striking result observed in the frame of the present
study is the rather restricted lithium mobility in the compound
Li15Si4 compared to all of the other binary lithium silicides. The
formation of this compound (or amorphous precursors thereof)
is generally observed during the course of electrochemical
lithiation at higher charging ratios. The restricted mobility in
Li15Si4 can be expected to limit the utility of the Li–Si system
for high-performance battery anode applications, as it impedes
the migration of lithium from the surface into the volume of the
particle. This eﬀect might be partially balanced by the volume
changes during the crystallization of Li15Si4, causing particle
fractures, which create fresh surfaces. Nevertheless, both particle
fracture and limited lithium dynamics are undesirable eﬀects; thus,
for the design of improved lithium battery anodes, an additional
voltage cutoﬀ—besides processing routes that minimize volume
expansion eﬀects—to prevent the formation of this compound
should be advantageous.
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